Chemotherapies are known often to induce severe gastrointestinal tract toxicity but the underlying mechanism remains unclear. This study considers the widely applied cytotoxic agent irinotecan (CPT-11) as a representative agent and demonstrates that treatment induces massive release of double-strand DNA from the intestine that accounts for the dose-limiting intestinal toxicity of the compound. Specifically, "self-DNA" released through exosome secretion enters the cytosol of innate immune cells and activates the AIM2 (absent in melanoma 2) inflammasome. This leads to mature IL-1β and IL-18 secretion and induces intestinal mucositis and late-onset diarrhoea. Interestingly, abrogation of AIM2 signalling, either in AIM2-deficient mice or by a pharmacological inhibitor such as thalidomide, significantly reduces the incidence of drug-induced diarrhoea without affecting the anticancer efficacy of CPT-11. These findings provide mechanistic insights into how chemotherapy triggers innate immune responses causing intestinal toxicity, and reveal new chemotherapy regimens that maintain anti-tumour effects but circumvent the associated adverse inflammatory response.
Introduction
Chemotherapies, which remain the primary treatment choice for many types of advanced cancers, lead to cytotoxic anti-tumour activity via a variety of mechanisms. In addition to the direct killing of cancer cells, the cytotoxic effects of chemotherapies are often associated with potent immunostimulatory effects. These include pro-inflammatory cytokine secretion [1] , myeloid cell activation and recruitment [1] , and T-cell activation [2, 3] , all of which significantly contribute to the anti-tumour efficacy of chemotherapy-based cancer treatments [4] . Indeed, accumulating evidence indicates that the therapeutic efficacy of many available chemotherapeutics relies on their capacity to elicit anti-tumour immune responses. Although approaches enhancing chemotherapy-induced anti-tumour immune responses are nowadays preferred, excessive immune responses could also trigger an uncontrolled toxicity of chemotherapy that is largely ignored.
Immunogenic responses induced by cytotoxic agents rely on exposure to molecules released from dying tumour cells that function either as adjuvant or antigen signals for the innate immune system [5] [6] [7] . These signals, such as the high mobility group protein B1, released during cellular necrosis, together with uric acid and ATP are known as damage-associated molecular patterns (DAMPs) [7, 8] . Self-DNA, a key cause of inflammatory and autoimmune disease, is an important DAMP released during chemotherapy [9] [10] [11] . Cytotoxic anticancer agents, such as cisplatin, etoposide, or radiation therapy, have been shown to trigger innate immune responses that involve the leakage of nuclear-derived self-DNA from tumour cells [12] [13] [14] . The released self-DNA is able to access the cytosol of dendritic cells to activate stimulator of interferon gene-dependent cytokine production via recognition by the cytosolic DNA sensor cGAS (cyclic GMP-AMP synthase) [15] . To date, the precise origins and mechanistic details of self-DNA-mediated systemic or local immunogenic responses remain unclear.
Whether, in addition to anti-tumour immunity, massive self-DNA release could lead to broader immunogenic responses, in particular chemotherapy-associated adverse effects, has long been ignored. Gaining mechanistic insights into these immunogenic responses may be essential to maximize the clinical benefits of chemotherapy agents.
Gastrointestinal syndrome is a well-recognized side effect associated with a variety of chemotherapeutic agents, particularly irinotecan (CPT-11) and fluorouracil (5FU). As the first-line treatment for colorectal cancer (CRC), the clinical benefit of CPT-11 is limited by its adverse effect of severe diarrhoea, which occurs in ~ 40% of patients receiving CPT-11 treatment [16] [17] [18] . Persistent or severe diarrhoea is not only a life-threatening side effect for CRC patients, but also can influence efficiency of chemotherapy through a need to reduce treatment doses or discontinue therapy. Thus far, the mechanism of CPT-11-triggered life-threatening gastrointestinal syndrome is poorly understood. Clinical management of diarrhoea reflects the need for recognition of the early warning signs and the need for early and aggressive management [19] . Of note, several lines of evidence suggest that CPT-11-triggered diarrhoea is associated with the production of the pro-inflammatory cytokines IL-1β and IL-18 [20] , suggesting an immunogenic response. Previous studies have also demonstrated an anticancer effect of CPT-11-associated anti-tumour immunity [21] . Consequently, we consider CPT-11-induced diarrhoea as an ideal model to dissect the mechanism of the interplay between immunogenic response-associated anti-tumour efficacy and the adverse effects of chemotherapy. This study may facilitate the design of a new strategy for the clinical use of chemotherapeutic agents that are able to maintain the balance between anti-tumour effects and inflammatory response associated toxicities.
Results

Double-strand DNA release is associated with CPT-11 treatment-induced diarrhoea
Evidence suggests that CPT-11-induced diarrhoea is an inflammation-mediated side effect, but the immunogen responsible remains unclear [20, [22] [23] [24] . To investigate whether CPT-11-induced diarrhoea was associated with the release of double-strand DNA (dsDNA), we first analysed clinical samples from CRC patients who received a CPT-11-based chemo-regimen treatment. Among a total of 69 advanced CRC patients, ~ 40% exhibited grade 1-3 diarrhoea (Supplementary information, Figure S1A ), an incidence similar to previous reports [16] [17] [18] . Assessment of the dsDNA concentration in patient serum was performed by quantitative staining with PicoGreen, a dye specific to dsDNA and insensitive to single-strand DNA or RNA. By comparing the total dsDNA concentration before and after CPT-11 treatment, we noticed that the dsDNA concentration in the serum of patients, particularly those with grade 2-3 diarrhoea, was elevated 48 h following CPT-11 administration ( Figure  1A-1B) . Interestingly, the subset of patients with higher-grade diarrhoea showed higher levels of serum dsD-NA than the remaining patients ( Figure 1C ), suggesting that the higher dsDNA concentration was associated with CPT-11-induced severe diarrhoea.
To test this hypothesis and to identify a detailed mechanism, we decided to attempt to mirror this clinical observation with an intestinal mucositis mouse model of CPT-11-associated diarrhoea [25] . The model was generated in C57BL/6 mice bearing or non-bearing murine colon carcinoma MC38 xenografts. The mucositis severity was assessed by scoring survival rate, severity of diarrhoea, intestine length, and histopathology. In both tumour-bearing and non-tumour-bearing mice, successive intraperitoneal injections of CPT-11 for 4 consecutive days led to severe intestinal inflammation resulting in shortening of the small intestine but not the colon ( Figure  1D-1E) . The results were confirmed by histopathological changes in the small intestine ( Figure 1F ; Supplementary information, Figure S1B -S1C), largely reflecting the pathological features of CPT-11-induced severe diarrhoea seen in clinical patients [16] .
Interestingly, large quantities of free dsDNA were detected in the peritoneal lavage fluid in both non-tumour-bearing mice and tumour-bearing mice ( Figure  1G ) during induction of mucositis (5 days post CPT-11 injection). The dsDNA concentration peaked on day 1-3 and then declined to a lower level following CPT-11 treatment ( Figure 1H ). The kinetic change in dsDNA concentration mimicked the clinical course observed in the patients. Consistent with the severe damage in the small intestinal tract ( Figure 1F ), we observed greater dissociative dsDNA accumulation in the fluid flushed from the small intestine ( Figure 1I ). In contrast, no dsD-NA induction was observed in the fluid flushed from the colon ( Figure 1J ). Further quantitative PCR (qPCR) analysis confirmed that the accumulated dsDNA was mainly derived from host cells and not of intestinal bacterial origin by comparison with the positive control (genomic DNA from mouse splenocytes) and negative control (total DNA from mouse faeces) ( Figure 1K ). These data suggest that there is a close association between CPT-11-induced intestinal mucositis and dsDNA production. CPT-11 treatment may trigger the host cell to release massive amounts of self-dsDNA, which serves as a strong immune stimulant to initiate the development of mucositis.
CPT-11 directly triggers nuclear genomic DNA release from proliferating cells
Next, we examined dsDNA release induced by CPT-11 treatment, which had not been clearly described in previous investigations of cytotoxic agents or radiation-induced dsDNA leakage [13] [14] [15] 26] . CPT-11 is known to specifically target proliferating cells, such as tumour cells and intestinal epithelial cells [27] . It was also noted that dsDNA amount in tumour-bearing and non-bearing mice was comparable, suggesting that intestinal epithelial cells, and not tumour cells, might be the major source of dsDNA ( Figure 1G ). We hence chose transformed HCT-116 cells as an intestinal epithelial cell line model [28] [29] [30] [31] to assess whether CPT-11 treatment could directly trigger self-DNA release in vitro. HCT-116 cells were treated with SN-38, an active form of the pro-drug CPT-11. Similar to the results obtained in vivo, dsDNA was detected in the culture medium of HCT-116 cells following SN-38 treatment ( Figure 1L ). In addition, SN-38 triggered dsDNA release from HCT-116 cells in a time-and dose-dependent manner ( Figure 1L-1M) . We also tested another DNA-damaging agent, cisplatin, and observed a similar pattern of dsDNA release in HCT-116 cells (Supplementary information, Figure S1D ).
Released dsDNA could originate from either nuclear genomic DNA or mitochondrial DNA (mtDNA) [32] . To identify the origin of the released dsDNA, we examined the levels of the genes for ATPase8 (a mtDNA marker) and GAPDH (a marker for nucleic genomic DNA) by qPCR in the dsDNA released from HCT-116 cells (HCT-DNA). Indeed, both ATPase8 and GAPDH genes were detected in the dsDNA, suggesting that both nuclear genomic DNA and mtDNA contributed to the released dsDNA in the cell culture medium ( Figure 1N ). We also observed that the ATPase8/GAPDH gene ratio in HCT-DNA was much lower than in DNA extracted from total cells ( Figure 1O ). Given the large copy number of mtD-NA in cells, this suggested that nucleic genomic DNA makes the predominant contribution to CPT-11-released dsDNA. Taken together, these data indicate that CPT-11 directly triggers the release of the nuclear genomic in proliferating cells.
Self-DNA induced by CPT-11 promotes IL-1β and IL-18 maturation in an AIM2-dependent manner
The consequences of high amounts of dsDNA in vivo remain unclear. We suspected that the dsDNA release and depict means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. GD, genomic DNA; NS, not significant; Pf, peritoneal fluid.
may be related to CPT-11-induced intestinal inflammation. Hence, we measured IL-1β production in a CPT-11-induced mouse mucositis model. Upon CPT-11 administration, the pattern of IL-1β secretion in the peritoneal lavage fluid displayed similar kinetics to that of the dsDNA level (Figures 2A, 1H ). This finding suggested that the dsDNA released from intestinal epithelial cells accumulates in the intestinal microenvironment, and in turn triggers inflammasome activation to produce IL-1β. To test this possibility, the released self-DNA was isolated from SN-38-treated HCT-116 cell cultures or from the ileum of CPT-11-treated non-tumour-bearing mice and was then transfected into bone marrow-derived macrophages (BMMs). The released self-DNA dramatically induced mature IL-1β secretion in both lipopolysaccharide (LPS)-primed ( Figure 2B ) and non-LPS-primed ( Figure  2C ) BMMs, using murine genomic DNA as a positive control. We further assessed the level of the p10 subunit of caspase 1 to evaluate inflammasome activation. Indeed, self-DNA released from both intestinal cell culture and intestinal tissues markedly triggered caspase 1 activation ( Figure 2D ).
AIM2 is a cytosolic dsDNA receptor in the inflammasome pathway that mediates the cleavage of inactive precursor IL-1β and IL-18 into mature cytokines [33] [34] [35] . AIM2-deficient mice exhibit a defective IL-1β/IL-18 maturation response to dsDNA stimulation and are more sensitive to infection by pathogens, such as Francisella tularensis and vaccinia virus [36, 37] . Therefore, we investigated whether IL-1β production and inflammasome activation stimulated by released dsDNA was mediated by AIM2. To test this hypothesis, released self-DNA isolated from SN-38-treated HCT-116 cell cultures or from the ileum of CPT-11-treated mice was transfected into LPS-primed BMMs or bone-marrow-derived dendritic cells (BMDCs) from wild-type-or AIM2-deficient mice. The data showed that the self-DNA-induced production of IL-1β and IL-18 was almost completely abolished in BMMs from AIM2-deficient mice compared to the wildtype ( Figure 2E-2F) . We confirmed the deficiency of AIM2-deficient mice by analysing AIM2 mRNA levels (Supplementary information, Figure S2A ) and a functional assay (Supplementary information, Figure S2B -S2C). By contrast, the secretion of IL-6, which depends on toll-like receptor signalling, was not affected by AIM2 deficiency ( Figure 2G ). BMDCs transfected with DNAs of various origins displayed similar phenotypes ( Figure  2H -2I).
To further verify that IL-1β production was a DNA-dependent function, DNase and RNase were introduced to digest DNA and RNA, respectively. As expected, treatment with DNase abolished nucleic acid-stimulated IL-1β secretion, whereas RNase pretreatment had a minimal effect ( Figure 2J ). We also measured IL-6 production in response to DNase or RNase treatment and did not observe an effect ( Figure 2K ). These data indicate that IL-1β/IL-18 cytokine production is a specific event stimulated by released self-DNA in an AIM2-dependent manner.
Exosomes deliver released self-DNA into the cytosol of innate immune cells
AIM2 is a cytosolic DNA sensor that can only be activated by dsDNA in the cytosol, regardless of whether it is derived from pathogens, damaged tissue, or delivered by cationic liposomes [38] . This observation raises the question of whether dsDNA resulted from CPT-11 induction can enter the cytosol. To address this question, we utilized an in vitro co-culture system composed of HCT-116 cells and murine innate immune cells, namely primary BMMs and BMDCs. HCT-116 cells in which genomic DNA was visualized by the DNA-intercalating dye DRAQ5 were stimulated by SN-38 treatment followed by co-culturing with macrophages or dendritic cells for 24 h. The macrophages and dendritic cells were then selected by flow cytometry based upon staining to reveal murine CD11b or CD11c staining, respectively. Approximately 40% of the CD11b + cells ( Figure 3A ) and 44% of the CD11c + cells (Supplementary information, Figure S3A ) were positive for HCT-116-derived DRAQ5 staining in contrast to controls, suggesting that HCT-116-derived DNA was captured by innate immune cells.
It remains unclear how dsDNA enters macrophages and dendritic cells. Membrane extracellular vesicles, such as microparticles and exosomes, are known as vital transporters of intracellular signals to the outside environment, serving as mediators of intercellular communication [39, 40] and tumour-derived immune cell activation has been shown to be mediated by exosomes and microparticles [41, 42] . Thus, we speculated that extracellular vesicles were likely involved in CPT-11-triggered self-DNA release. By separating the particle fractions from SN-38-treated cell culture supernatants using gradient centrifugation [42, 43] (Figure 3B ), we discovered that most dsDNA in HCT-116 culture medium was likely present in the exosomes ( Figure 3C ). This was supported by the size distribution of isolated particles, most of which were under 50 nm ( Figure 3D ) and relatively smaller than typical microparticles [43, 44] . Exosome secretion was also confirmed by immunoblotting of CD63, a molecular marker for exosomes ( Figure 3E ). We also tested exosome presence in vivo following CPT-11 treatment of mice. We found a remarkable increase in the CD63 expression level in the villi of the small intestine The data are representative of three independent experiments and depict means ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001. GD, genomic DNA; NS, not significant; Pro-Casp1, procaspase 1; p10, active form of caspase 1.
( Figure 3F ).
Previous studies reported that both ssDNA and dsD-NA could be carried by exosomes [45] [46] [47] [48] . To further characterise exosome DNA (exoDNA), we used S1 nuclease or dsDNase digestion. S1 nuclease degrades single-strand nucleic acids and dsDNase is a double-strand specific endonuclease. We observed a strong reduction of total extracted DNA in the dsDNase-treated samples, compared to those undigested or treated with S1 nuclease (Supplementary information, Figure S3B ), demonstrating that dsDNA was the dominant component in exoDNA. Moreover, exoDNA had a DNA origin similar to the input DNA (Supplementary information, Figure S3C -S3D), suggesting exosome-mediated delivery of dsDNA. In agreement with this result, inhibition of exosome secretion by GW4869 largely attenuated dsDNA release stimulated by CPT-11, suggesting that dsDNA release was dependent on exosome secretion ( Figure 3G ). Collectively, these results suggested that dsDNA was secreted from intestinal epithelial cells via the exosome into the intercellular microenvironment.
We next examined whether exosomes containing the released dsDNA could be delivered into the cytosol. To this end, BMMs were incubated in culture medium containing pre-labelled exosomes isolated from SN-38-treated HCT-116 cells. DNA packed in the exosomes was stained with DRAQ5. Indeed, DRAQ5-dsDNA in exosomes was also detected in the cytosol of BMMs by confocal microscopy, in a similar manner to the positive control transfected with DRAQ5-labelled poly(dA:dT) ( Figure 3H ). We also examined the intracellular localization of the delivered DRAQ5-positive dsDNA by staining macrophages with the lysosomal marker LAMP-1 or the early endosomal marker EEA1. In a parallel experiment we could observe no obvious co-localisation between cytosolic DRAQ5-dsDNA with other organelles, such as lysosomes or early endosomes, suggesting an exosome-specific delivery route of DRAQ5-dsDNA to the phagocytic compartment ( Figure 3I ). Together, these data demonstrate that CPT-11 induces the release of dsDNA that is directly delivered into the cytosol of phagocytes via exosomes.
Blockage of exosome release reverses the CPT-11-induced intestinal toxicity
We next examined the function of exoDNA (exosome-released DNA) in CPT-11-induced inflammation. BMMs and peritoneal macrophages were stimulated with exoDNA and IL-1β production was measured. The results showed that exoDNA induced the apparent production of IL-1β, which was largely abolished in the AIM2 KO (Supplementary information, Figure S4A -S4B). Isolated exosomes from HCT-116 cells were also directly incubated with ileums in culture. This resulted in enhanced IL-1β secretion in the culture medium of the wild-type ileum but not the AIM2 KO ileum (Supplementary information, Figure S4C ).
To validate the functional link between exosome secretion and CPT-11-induced intestinal inflammation in vivo, GW4869 was used to block exosome release in mice. CPT-11 was intraperitoneally injected for 4 consecutive days into C57BL/6 mice and GW4869 treatment was started 1 day ahead ( Figure 4A ). As expected, CPT-11 induced dsDNA release into both peritoneal lavage fluid and fluid flushed from the small intestine were largely reversed by GW4869 treatment (Figure 4B-4C) . Consistently, GW4869 significantly reduced severity of diarrhoea ( Figure 4D ), body weight loss ( Figure 4E ), and intestine shortening ( Figure 4F-4G) following CPT-11 treatment. Further histopathological analysis of the ileum confirmed that GW4869 largely reversed mucosal damage ( Figure 4H ) and villus shortening ( Figure 4I ) induced by CPT-11 treatment. Together, these data indicate that exosome release was required for CPT-11-caused intestinal damage.
AIM2 deficiency attenuates CPT-11-induced intestinal toxicity
The aforementioned results suggested an exosome-mediated dsDNA delivery route into phagocytes that may be sensed by the AIM2 inflammasome during chemotherapy. To further confirm the functional requirement of the AIM2 inflammasome in CPT-11-induced intestinal inflammation and diarrhoea, we compared CPT-11-induced intestinal inflammation and diarrhoea between wild-type mice and AIM2-deficient mice. CPT-11 was intraperitoneally injected for 4 consecutive days, and the severity of mucositis was assessed as mentioned above. After challenge by CPT-11, AIM2-deficient mice showed delayed morbidity and lower lethality compared with wildtype mice ( Figure 5A ). On day 5, CPT-11 induced severe diarrhoea in the wild-type group, whereas AIM2-deficient mice had significantly reduced severity of diarrhoea ( Figure 5B ). Decreased disease severity was also accompanied by a reduction of small intestine shortening ( Figure 5C-5D ), but not colon shortening, in AIM2-deficient mice (Supplementary information, Figure S5A ). The ileum histopathology revealed that AIM2-deficient mice had ameliorated inflammatory cell infiltration and mucosal damage, including epithelial ulceration, submucosal oedema ( Figure 5E ), and villi shortening ( Figure  5F ), upon CPT-11 challenge. In contrast, there were no obvious changes in colon histopathology (Supplementary information, Figure S5B ). These observations indicated that AIM2 exacerbates the intestinal mucositis induced by CPT-11.
Consistent with the protective phenotype of AIM2-deficient mice, CPT-11 induced massive IL-1β and IL-18 accumulation in the peritoneal lavage fluid in wildtype mice ( Figure 5G-5H ) measured on day 7 following CPT-11 challenge. Moreover, no differences in dsDNA release were detected between wild-type and AIM2-deficient mice (Supplementary information, Figure S5C ). In contrast, although CPT-11 also triggered IL-6 secre- tion, there were no differences between wild-type and AIM2-deficient mice ( Figure 5I) . Similarly, mature IL-1β secretion was highly induced by CPT-11 in ileum explants and markedly attenuated in AIM2-deficient mice ( Figure 5J ). To further confirm activation of the AIM2 inflammasome in vivo, activity of caspase 1 p10 in the intestine was determined by immunoblot analysis. Upon CPT-11 administration, AIM2-deficient mice displayed decreased active p10 in the ileum ( Figure 5K-5L) but not in the colon (Supplementary information, Figure S5D -S5E). These data indicated that AIM2 modulates intestinal mucositis in a manner dependent on IL-1β and IL-18 production, suggesting that CPT-11-triggers self-DNAinduced AIM2 inflammasome activation.
Very recently, Hu et al. [49] reported that the AIM2 inflammasome in intestinal epithelial cells accounted for irradiation-induced gastrointestinal syndrome. To further confirm the involvement of AIM2 activation in immune cells, we generated chimeric mice by transplanting bone marrow cells from wild-type or AIM2-deficient donors into lethally irradiated C57BL/6 mice. Reconstitution efficiency was validated by flow cytometric assessment of the staining of CD45.1 and CD45.2 (at least 95%, data not shown) and examining AIM2 expression levels in splenocytes and intestinal epithelial cells. AIM2 expression in splenocytes of wild-type mice reconstituted with AIM2-deficient bone marrow (AIM2 −/− >WT) was significantly depleted, compared with that in wild-type mice reconstituted with AIM2 wild-type bone marrow (WT>WT). In the meanwhile, AIM2 expression in intestinal epithelial cells between AIM2 −/− >WT and WT>WT mice was comparable (Supplementary information, Figure S5F -S5G). Consistent with the phenotype of AIM2-deficient mice, AIM2 −/− >WT mice showed less body weight loss ( Figure 5M ) and small intestine shortening ( Figure 5N and 5O) than WT>WT mice upon CPT-11 challenge. Consistently, the ileum histopathological analysis revealed less intestinal damage in AIM2 −/− >WT mice ( Figure 5P ). These data together highlight the role of AIM2 in innate immune cells in mediating CPT-11-induced intestinal toxicity.
AIM2 modulates CPT-11-induced intestinal mucositis independently of the gut microbiota
The mammalian intestine is colonized by large quantities of microorganisms, mainly bacteria, commonly referred to as the microbiota [50, 51] . Microbial DNA is another ligand of the AIM2 inflammasome. Host-microbiota interactions can be mutually beneficial or deleterious, inciting intestinal inflammation [52] . To determine whether microbial DNA from the intestinal microbiota was indispensable for the effect of AIM2 deficiency on CPT-11-induced mucositis, we used a cocktail of antibiotics to remove the microbiota. The depletion efficiency was confirmed by assessing the bacterial 16S rDNA copy numbers in the faeces (Supplementary information, Figure S6A) . Upon depletion of the microbiota, AIM2-deficient mice displayed remarkably reduced small intestine shortening following CPT-11 challenge (Supplementary information, Figure S6B ). Histopathological analysis of the ileum revealed that the antibiotic-mediated microbiota depletion had no effect on the architecture of the intestine. Importantly, AIM2 deficiency protected mice against CPT-11-induced inflammatory cell infiltration, damage to the architecture of the submucosa, and ulceration in the absence of the gut microbiota (Supplementary information, Figure S6C ). We next assessed the level of inflammasome activation in the absence of the microbiota. AIM2 deficiency was also associated with a significant decrease in the cleavage of active caspase 1 p10 (Supplementary information, Figure S6D-S6E) . Collectively, these results suggest that microbial DNA is not associated with AIM2 inflammasome activation and that self-DNA occupies the dominant role during CPT-11 administration.
Inhibition of the inflammasome alleviates CPT-11-induced intestinal toxicity
Taken together, our results suggest that inhibition of the AIM2 inflammasome may provide a therapeutic solution for managing CPT-11-induced intestinal toxicity in the clinic. Despite a lack of specific inhibitors for this pathway, thalidomide, an immunomodulatory drug that inhibits inflammasome activation [53, 54] , could be an option to attenuate dsDNA-mediated activation of the AIM2 inflammasome. In C57BL/6 mice, combination treatment with thalidomide reduced CPT-11-induced weight loss ( Figure 6A ) as well as intestine shortening ( Figure 6B-6C) . It also largely reversed histopathological damage ( Figure 6D-6E) , supporting its therapeutic potential for preventing CPT-11-induced intestinal toxicity. Importantly, thalidomide treatment did not reduce the anti-tumour effect of CPT-11. In the MC38 xenograft model, thalidomide rescued CPT-11-induced weight loss ( Figure 6F ) and histopathological damage ( Figure 6J ) without affecting efficacious tumour growth inhibition (D, O) . The data are representative of three independent experiments and depict the means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant; WT, wild-type.
Figure 6
Inhibition of the inflammasome ameliorates CPT-11-induced intestinal toxicity. (A-E) C57BL/6 mice were administered with CPT-11 (90 mg/kg, i.p.) for 4 consecutive days or thalidomide (THA, 100 mg/kg, p.o.) daily from 1 day before CPT-11 administration until sacrifice. On day 7 after the first administration, the mice were sacrificed, and the intestines were isolated for further analysis (n = 6 per group). (A) Body weight changes; (B) images of small intestines; (C) length of small intestines; (D) representative images of H&E staining of ileum sections. Scale bar, 200 μm (upper) or 100 μm (lower); (E) analysis of the villus length versus crypt depth ratio in H&E-stained ileum sections from (D). (F-J) C57BL/6 mice were injected with MC38 tumour cells to generate the tumour-bearing model. Ten days post injection, tumour-bearing mice were administered with CPT-11 (75 mg/kg, i.p.) for 4 consecutive days and THA (100 mg/kg, p.o.) daily from 1 day before CPT-11 administration until sacrifice. On day 5 after the first administration, the mice were sacrificed, and the intestines were isolated for further analysis. (F) Body weight changes; (G) tumour size; (H) tumour weight on day 5; (I) tumour images on day 5; (J) representative images of H&E-stained ileum sections. Scale bar, 100 µm. (K) Model of dsDNA-mediated intestinal toxicity via activation of the inflammasome during CPT-11 administration. The data are representative of three independent experiments and depict the means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant.
Discussion
Diarrhoea is a common side effect of cancer chemotherapy [55] . In many instances, diarrhoea can be a treatment-limiting or life-threatening side effect, resulting in dehydration, shock, renal impairment, and electrolyte disturbances [56] . Treatment with 5FU, oxaliplatin, capecitabine, and the alkylating agent cisplatin can also cause severe diarrhoea, but this side effect is less common with these treatments than with CPT-11 treatment [27] .
In the present study, we found that, among a total of 69 advanced CRC patients, ~ 40% exhibited grade 1-3 diarrhoea (Supplementary information, Figure S1A ). The severity of the diarrhoea showed a close association with higher dsDNA production. We also found that CPT-11 directly triggered intestinal epithelial cells to release dsD-NA in an exosome-mediated manner. CPT-11-induced dsDNA release from normal intestinal cells activated the AIM2 inflammasome in innate immune cells, accounting for the excessive intestinal inflammatory response following this treatment ( Figure 6K ). The exceptionally high incidence of CPT-11 may have resulted from the high concentration of active CPT-11 maintained in the intestinal microenvironment and was associated with excessive dsDNA exposure in the mouse model (Figure 4) . In our study, we also found that dsDNA release was not restricted to CPT-11, and was also induced by another chemotherapeutic agent cisplatin (Supplementary information, Figure S1D ). However, whether other chemotherapeutic-induced diarrhoea events are associated with release of self-dsDNA should be further explored.
AIM2 is commonly known as a DNA sensor that assembles and is part of the inflammasome complex. However, AIM2 mutations are frequently identified in CRC patients. Recently, two studies highlighted the role of AIM2 in modulating colorectal tumourigenesis via distinct mechanisms, both of which were inflammasome-independent. Wilson et al. [57] revealed that AIM2 suppressed colon tumourigenesis by inhibiting DNA-PK-mediated AKT activation, whereas another study indicated that AIM2 regulated stem cell proliferation in the intestinal mucosa [58] . Our results advance the current understanding of the role of AIM2 in CRC by revealing an inflammasome-dependent role that exacerbates chemotherapy-induced intestinal mucositis and diarrhoea. Of note, a very recent study reported that the AIM2 inflammasome was also essentially required in intestinal epithelial cells for irradiation-induced gastrointestinal syndrome. The mechanistic insights pointed to the role of nuclear AIM2, which is believed to sense radiation-induced DNA damage in the nucleus and mediates inflammasome activation and cell death [49] . These two studies complemented each other in advancing an understanding of the essential role of AIM2 in radiation and chemotherapy in relation to intestinal toxicity.
dsDNA recognition by different sensors has been extensively studied, yet a mechanistic link explaining the access of tumour cell-derived dsDNA relative to immune cells is lacking. Tumour-derived immune cell activation is mediated by soluble factors as well as by extracellular vesicles known as exosomes and microparticles [42] . In the present study, we demonstrated that CPT-11 induced rapidly proliferating cells, including tumour cells and intestinal epithelial cells, to release host DNA in an exosome-dependent manner. Exosomes are endosome-derived organelles with a diameter of 10-100 nm that contain proteins, lipids, RNA, DNA, and other molecules [39] . Like microparticles, exosomes mediate intercellular communication between tumour and immune cells and regulate immune signalling [41] . Exosomes function as "drivers" to deliver self-DNA into the cytosol of macrophages and DCs. These findings solve the unanswered question of how free DNA traverses the cell membrane to gain access to targeting sensors.
Treatment with CPT-11 can disrupt the intestinal mucosal barrier with increased epithelial apoptosis [27] . Rapid initiation of excessive epithelial apoptosis disrupts the barrier architecture and causes subsequent gut microbial translocation. This may be an important mediator in CPT-11-induced intestinal mucositis, as in dextran sulphate sodium-mediated colitis, which is induced mainly by translocation of gut bacteria. However, under conditions of gut microbiota depletion, a previous study [59] and our data (Supplementary information, Figure S6 ) revealed that intestinal damage and inflammatory cell infiltration also occurred upon CPT-11 challenge. These data suggest that the microbiota in the intestine were not the essential mediators and that excessive apoptosis may trigger intestinal damage via release of immunogenic mediators.
The immunogenicity of apoptotic cell death is controversial. In general, physiological cell death (apoptosis) is thought to be intrinsically tolerogenic, whereas pathological cell death (necrosis) is inherently immunogenic [60] . However, in-depth investigations have revealed that apoptotic cells can also be highly immunogenic, whereas necrotic cells are less immunogenic than cells undergoing an immunogenic form of apoptosis [61, 62] . Chemotherapy-induced cell death occurs frequently through apoptosis, including irinotecan administration [63] . However, whether self-DNA from chemotherapy-mediat-ed apoptosis provides a dangerous or a friendly signal to the host has not been fully characterized. Here, we report that self-dsDNA released by irinotecan induction can, in part, activate the AIM2 inflammasome, which may provide new insights into the immunogenicity of chemotherapy-induced apoptosis.
In addition to mechanistic insight, this study has identified a potentially valuable potential therapeutic application by providing a mechanism-based rationale for combating diarrhoea. The concurrent inhibition of AIM2 by an inflammasome inhibitor, thalidomide, alleviated CPT-11-induced intestinal toxicity without compromising its anticancer efficacy. Because thalidomide is clinically available for the treatment of multiple myeloma or solid tumours, our findings may be readily translated into a therapeutic opportunity that could be rapidly tested in clinical trials. Moreover, the exploration of therapeutic opportunities for thalidomide together with other compounds could also be promising.
Materials and Methods
Patients
Patients with CRC who attended Shanghai General Hospital were included in the present study with approval from the Institutional Review Board and informed consent from patients. All patients received irinotecan-contained chemotherapy (irinotecan alone or FOLFIRI). Peripheral blood was collected before and 48 h after treatment. The present study was approved by the Ethics Committee of Shanghai General Hospital.
Mice
AIM2-deficient mice were obtained from the Jackson Laboratory. C57BL/6 wild-type mice were purchased from the Shanghai Laboratory Animal Center. All mice were bred and maintained in specific pathogen-free conditions. Age (6-8 weeks) and sexmatched mice were used in the experiments. All animal experiments were undertaken in accordance with the NIH Guide for the Care and Use of Laboratory Animals with the approval of the Institutional Animal Care and Use Committee of Shanghai Institute of Materia Medica, the Institutional Animal Care and Use Committee of the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences.
Quantification of dsDNA
Peritoneal lavage fluid was harvested using 1 ml PBS. Fluid from 3-cm lengths of intestine was harvested using 0.5 ml PBS. Fluid and cell culture medium were subsequently centrifuged at 5 000 rpm for 5 min, and the supernatants were centrifuged again. The second supernatants correspond to cell-depleted samples. dsDNA in the supernatants was quantitated using the PicoGreen assay (Life Technologies).
For patient serum samples, the whole blood of patients was collected at indicated time points post CPT-11 administration. Serum was collected following centrifugation of the blood samples, aliquoted and stored at −80 °C. Prior to analysis, serum was thawed and diluted with ddH 2 O, and mixed 1:1 with the dye PicoGreen (Life Technologies) diluted 1: 200 in TE buffer in a 96-well plate. Fluorescence was measured following excitation at 485 nm and emission wavelength at 528 nm. DNA concentrations in serum were calculated by comparison to a standard curve from double-stranded DNA provided in the assay kit.
Cytokine measurements
The cytokines in the cell culture medium and in vivo cell-depleted fluid were measured by ELISA. The IL-1β and IL-6 ELISA kits were obtained from R&D systems. The IL-18 ELISA kit was obtained from MBL International Corporation.
Exosome isolation
HCT-116 cells were cultured for 72 h, and the culture supernatants collected and centrifuged at 1 000× g for 5 min and 14 000× g for 60 min. Exosomes were then harvested by centrifugation at 200 000× g for 60 min [42, 43] . The exosome pellet was suspended in 100 µl PBS.
Exosome DNA extraction and analysis
ExoDNA was analyzed as previously reported [47, 48] . Briefly, exoDNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer's instructions. Finally, the DNA was eluted in 50 µl of AE buffer and stored at −20 °C before further processing. For analysis, exoDNA was digested with S1 nuclease (Thermo Fisher) and dsDNase (Thermo Fisher) separately and subjected to electrophoresis on agarose gels. A plasmid (4 kb) and a synthesized oligonucleotide (86 bp) were used as positive control of dsDNA and ssDNA, respectively.
Confocal microscopy
BMMs were plated overnight on coverslips. Isolated dsD-NA-containing exosomes and poly(dA:dT) were labelled with 1 µM DRAQ5 (Invitrogen) for 30 min at room temperature and then added to the cell culture medium to achieve a 1 µg/ml final concentration of dsDNA. Two hours later, the cells were fixed with 4% paraformaldehyde in PBS; permeabilized with Triton X-100; blocked with 10% FBS in PBS; and stained with anti-CD11b or anti-β-actin, anti-LAMP-1, and anti-EEA1. Nuclei were stained with DAPI. Confocal microscopy was performed using a Leica TCS SP2 instrument.
Flow cytometry
HCT-116 cells were treated with 500 nM SN-38 for 24 h and then labelled with 10 µM DRAQ5. After labelling, the HCT-116 cells were washed three times with PBS, followed by co-culture with untreated macrophages. Twenty-four hours later, cells were harvested and stained with anti-CD11b. Data were acquired with an LSR II (BD Biosciences) and analysed using FlowJo analytical software.
Primary cells and DNA stimulation
BMMs and dendritic cells were prepared as follows: bone marrow cells were flushed from the femurs and tibias of C57BL/6 mice and subsequently depleted of red blood cells using ammonium chloride. For BMMs, cells were seeded at a density of 1.5 × 10 6 cells per well in 24-well plates in DMEM supplemented with 20 ng/ml murine M-CSF. Fresh medium was added every 2 days.
On day 5, cells were harvested. For BMDCs, cells were seeded at a density of 1 × 10 6 cells per well in 24-well plates in RPMI-1640 medium supplemented with 20 ng/ml GM-CSF. Fresh medium was added every 2 days. On day 7, cells were collected for analysis.
DNA was purified from the supernatant of SN-38-treated HCT-116 cells or the fluid from CPT-11-treated mice using phenol/chloroform/isoamyl alcohol. The primary cells were primed with 200 ng/ml LPS from Escherichia coli 0111:B4 (Sigma) for 3 h before transfection with DNA at the indicated concentration for 4 h using Lipofectamine 2000 (Invitrogen).
16S rDNA copies
For antibiotic treatment, 1 g/l ampicillin sodium salt, 1 g/l metronidazole, 0.5 g/l vancomycin hydrochloride, and 1 g/l of neomycin were added to the drinking water. After 2 weeks of treatment, mouse faeces were collected for phenol/chloroform/isoamyl alcohol bacterial genomic DNA purification. After centrifugation, the supernatant was concentrated with 0.8 volumes of isopropanol, washed twice with 75% ethanol, and resuspended in nuclease-free water.
The abundance of specific intestinal bacterial groups was measured by qPCR. Primer sequences for total bacterial and specific bacterial 16S rDNA genes as well as PCR conditions have been described previously [64] . qPCR analysis was determined as described previously [64] . Samples that were negative after 40 cycles were considered to indicate that 16S rRNA was "not detected" (ND).
CPT-11 treatment of mice
Mice were treated with CPT-11 by intraperitoneal (i.p.) administration (Meilunbio) at a dose of 90 mg/kg for 4 consecutive days. The mice were sacrificed on day 5 for intestinal length measurement, histopathology of the intestine, and measurement of cytokines. The survival rate of the mice was monitored every day for up to 15 days. Diarrhoea severity was scored on day 5 as follows [25] : 0, normal (normal stool or absent); 1, slight (slightly wet and soft stool); 2, moderate (wet, unformed stool with perianal staining of the coat); and 3, severe (watery stool with perianal staining of the coat).
In the in vivo exosome inhibitor experiment, mice were first treated with 2.5 mg/kg GW4869 i.p. starting from day 0 to day 4, then treated with 50 mg/kg CPT-11 i.p. starting from day 1 to day 4. At day 5, mice were sacrificed and analysed.
In the experiment to generate bone marrow chimeras, donor mice were from 8-10-week-old wild-type or AIM2-deficient mice and recipient mice were 8-week-old wild-type mice. Recipient mice were lethally irradiated (8.5 Gy) and intravenously injected with 7.5 × 10 6 bone marrow cells isolated from donor mice 12 h post irradiation. After 8-week bone marrow reconstitution, mice were treated with 50 mg/kg CPT-11 for 7 consecutive days. Bone marrow reconstitution efficiency was verified after 6 weeks by flow staining of CD45.1 and CD45.2 in blood leukocytes, which was at least 95%.
Tumour growth and treatments
To generate tumour-bearing mice, MC38 tumour cells (2 × 10 6 ) were subcutaneously injected into the flank of mice. CPT-11 (75 mg/kg) was administered (i.p.) for 4 consecutive days. The mice were treated orally with THA (100 mg/kg) daily for 5 days, starting 1 day before the first CPT-11 injection. On day 5, the mice were sacrificed by cervical dislocation.
Statistical analysis
The significance of mean values between two groups was analysed by a two-tailed Student's t-test. For significance analysis of the clinical study on patients, a paired t-test was used in the data presented in Figure 1A -1B and an unpaired t-test was used in the data presented in Figure 1C . Kaplan-Meier survival curves were tested using the log-rank (Mantel-Cox) test. Two-way ANOVA was used to assess the significance of changes in body weight. All statistical analyses were performed using GraphPad Prism software. Samples that were > 3 s.d. from the mean were excluded as outliers. The data are presented as the means ± SEM. For all tests, values of P < 0.05 were considered statistically significant.
